Orchestration of the multiple enzymes engaged in O-mannose glycan synthesis provides a matriglycan on a-dystroglycan (a-DG) which attracts extracellular matrix (ECM) proteins such as laminin. Aberrant O-mannosylation of a-DG leads to severe congenital muscular dystrophies due to detachment of ECM proteins from the basal membrane. Phosphorylation at C6-position of O-mannose catalyzed by protein O-mannosyl kinase (POMK) is a crucial step in the biosynthetic pathway of O-mannose glycan. Several mis-sense mutations of the POMK catalytic domain are known to cause a severe congenital muscular dystrophy, Walker-Warburg syndrome. Due to the low sequence similarity with other typical kinases, structure-activity relationships of this enzyme remain unclear. Here, we report the crystal structures of the POMK catalytic domain in the absence and presence of an ATP analogue and O-mannosylated glycopeptide. The POMK catalytic domain shows a typical protein kinase fold consisting of N-and C-lobes. Mannose residue binds to POMK mainly via the hydroxyl group at C2-position, differentiating from other monosaccharide residues. Intriguingly, the two amino acid residues K92 and D228, interacting with the triphosphate group of ATP, are donated from atypical positions in the primary structure. Mutations in this protein causing muscular dystrophies can now be rationalized.
Introduction
Glycosylation is the most ubiquitous posttranslational modification in biological systems, and abnormalities can cause severe diseases (Ohtsubo & Marth 2006) . Dystroglycanopathies, which include a variety of congenital/limb-girdle muscular dystrophies, are diseases caused by defects in O-mannose glycosylation of the a-subunit of dystroglycan (a-DG), and progressive weakness and wasting of skeletal muscle are commonly observed (Burton & Davies 2002; Chandrasekharan & Martin 2010) . a-DG is a component of the dystrophin-glycoprotein complex of skeletal muscle cells and directly links several other components to the basement membrane. The heavily O-glycosylated mucin-like domain of a-DG is responsible for binding to laminin globular (LG) modules of extracellular matrix proteins, such as laminin, agrin and perlecan (Stalnaker et al. 2011) .
Synthesis of O-mannosyl glycan is a 'concerto' carried out by a group of glycan-related enzymes. Protein O-mannosyltransferases 1 and 2 (POMT1/2) initiate the glycosylation by adding O-mannose on serine or threonine residues of the a-DG mucin-like domain (Manya et al. 2004) . A GlcNAc residue is subsequently attached by POMGnT2 (also known as GTDC2 and AGO61) via b1-4 linkage (YoshidaMoriguchi et al. 2013) . A GalNAc residue is attached by B3GALNT2 via b1-3 linkage. The trisaccharide unit GalNAcb1-3GlcNAcb1-4Man is designated as core M3 glycan.
Protein O-mannosyl kinase (POMK), previously referred to as SGK196, is a sugar kinase that phosphorylates the 6-position of O-mannose in the core M3 trisaccharide unit using ATP as a donor substrate (Yoshida-Moriguchi et al. 2013) (Fig. 1A ). This reaction is independent of the phosphorylation carried out by lysosomal enzymes, in which GlcNAc-1-phosphotransferase and a-N-acetylglucosaminidase work sequentially to form mannose-6-phosphate on N-glycans using UDP-GlcNAc (Varki & Kornfeld 1980) (Fig. 1A) . Phosphorylation of O-mannose by POMK triggers addition of tandem ribitol 5-phosphates by fukutin and fukutin-related protein (FKRP) . After the modifications by TMEM5 Praissman et al. 2016 ) and b1-4 glucuronyltransferase (B4GAT1) (Praissman et al. 2014) , the repeating disaccharide n , which serves as ligand-binding site for several extracellular matrix proteins, is produced by like-acetylglucosaminyltransferase (LARGE) (Inamori et al. 2012) .
Protein O-mannosyl kinase is a type II transmembrane protein expressed in brain, skeletal muscle, kidney and heart in both fetal and adult tissues (Di Costanzo et al. 2014) . POMK is a 350-amino acid residue protein composed of a short cytoplasmic tail, a single transmembrane helix and a luminal domain and is localized in the endoplasmic reticulum. This protein was originally predicted to be enzymatically inactive, as it lacks several functional motifs commonly found in kinases, such as His-Arg-Asp (HRD) and Asp-Phe-Gly (DFG) motifs as well as a conserved Lys in the primary structure (Manning et al. 2002) . Later POMK was found to be a causative gene for Walker-Warburg syndrome (WWS) by haploid screening using Lassa virus which uses glycosylated a-DG for cell invasion (Jae et al. 2013) . Several point mutants were identified in patients with WWS such as V302D, L137R, Q258R and truncated mutants with stop codons at F96 or Q109 (Jae et al. 2013; Di Costanzo et al. 2014; von Renesse et al. 2014) .
Despite the physiological and clinical importance of glycan synthesis of a-DG, the atomic details of the phosphorylation and the effect of mutations on the structure and function of POMK still remain unclear. We herein elucidate the atomic structure of mouse POMK catalytic domain in both the absence and presence of donor and acceptor substrates.
Results and discussion

Characterization of recombinant POMK catalytic domain
We chose murine POMK which shows high sequence identity with human POMK (81%). Murine POMK catalytic domain (residue 45-349) possesses three potential N-glycosylation sites, N66, N164 and N219, which are not conserved among species (Figs 1B, 2A) . We initially carried out ESI-MS analysis of intact POMK catalytic domain produced by GnT-I (À/À) HEK293 cells, which is expected to produce a homogeneous glycoprotein with Man 5 GlcNAc 2 structure ( Fig. S1 in Supporting Information). The deconvoluted ESI-MS spectrum showed three peaks, which correspond to singly N-glycosylated, doubly N-glycosylated and triply N-glycosylated proteins. To analyze the N-glycan occupancy at each Asn site, we analyzed the lysylendopeptidase-digested sample by MALDI-MS. The result showed that N66 and N164 were found to be partially glycosylated, whereas N219 was fully glycosylated (Fig. S2 in Supporting Information) . We therefore expressed a double mutant N66Q/ N164Q of POMK catalytic domain for further structural analysis eliminating the heterogeneity from Nglycan occupancy ( Fig. 2A) .
Overall structure of POMK catalytic domain
We successfully determined the crystal structure of POMK catalytic domain (N66Q/N164Q) at 2.5 A resolution in an unliganded form by the sulfur-SAD method (Fig. 2) . The asymmetric unit contains one POMK catalytic domain which has seventeen sulfur atoms in 300 residues. Despite the low sequence similarity with other protein kinases, POMK catalytic domain takes a typical protein kinase fold consisting of N-and C-lobes.
N-lobe goes from C54 to P152 and comprises five b-strands (b1-5 in Fig. 1B ) arranged in an antiparallel 
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Genes to Cells (2017) 22, 348-359 b-sheet with two a-helices (a1-2), whereas C-lobe is from L153 to L337 and is composed of nine a-helices (a3-11) with a b-hairpin (b6-7). Mouse POMK has seven cysteine residues, and three disulfide bond pairs were identified as C54-C67, C73-C140 and C202-C243. Two disulfide bonds C54-C67 and C73-C140 stabilize the N-lobe, whereas the single disulfide bond C202-C243 stabilizes the C-lobe (Fig. 2) . Intriguingly, highly conserved cysteine C312 exists with a free thiol group in the buried state. All cysteine residues are completely conserved among species (Fig. 1B) ; thus, the disulfide bond network is likely to be conserved. Among three N-glycosylation sites, N66Q is located in the N-terminal loop region and close to a symmetry-related molecule (Fig. S3 in Supporting Information). N164Q is located at the a2-a3 loop, whereas N219 resides in the b6-b7 loop, and no electron density corresponding to the expected sugar residue was observed, probably due to its high temperature factor.
A database search using DALI clarified that the structure of POMK shows broad similarities with those of protein kinases such as Bcr-Abl kinase domain (PDB code: 2V7A (Modugno et al. 2007 ), Z-score: 22.0), CTR1 kinase (PDB code: 3PPZ, Zscore: 21.9), RET (rearranged during transfection) tyrosine kinase domain (PDB code: 2IVT (Knowles . POMK directly phosphorylates the 6-position of mannose in core M3 glycan using ATP, whereas phosphorylation of N-glycan occurs in a two-step mechanism by GlcNAc-1-phosphotransferase and N-acetylglucosaminidase. GlcNAc-1-phosphotransferase uses UDP-GlcNAc as the phosphate donor. (B) Amino acid sequence alignment of POMK catalytic domain derived from mouse, human and other species. Secondary structural elements of mouse POMK are indicated. Three putative Nglycosylation sites and ligand-interacting amino acid residues are indicated with 'Y' and red arrows, respectively. Accession numbers of UniProtKB are as follows: Q3TUA9 (mouse), Q4V8A9 (rat), Q9H5K3 (human), Q5F349 (chick), Q5HZP7 (xenopus) and Q5U3W1 (zebrafish).
et al. 2006), Z-score: 21.9) and lymphocyte-specific kinase Lck (PDB code: 1QPE (Zhu et al. 1999) , Z-score: 21.9) ( Fig. S4A in Supporting Information). Structure-based sequence comparison shows that twenty residues are conserved among the five proteins ( Fig. S4B in Supporting Information). The positions of D203 and D226 in POMK coincide well with those of the aspartate residues in HRD and DFG motifs, respectively, which are highly conserved among protein kinases.
POMK structure in complexes with ATP analogue and glycopeptide
Protein O-mannosyl kinase accepts ATP as the donor substrate with Michaelis constant (K m ) of 4.1 lM and is fully active in the presence of manganese or magnesium ions (Yoshida-Moriguchi et al. 2013) . To gain insight into the reaction mechanism, we determined the crystal structure of POMK in complexes with nonhydrolyzable ATP analogue (AMP-PNP), magnesium ion and O-mannosylated glycopeptide at 2.4 A resolution (Fig. 3A) . The glycopeptide was prepared using two recombinant enzymes POMGnT2 and B3GALNT that act on the O-mannosylated peptide (Fig. S5 in Supporting Information). These ligands were introduced into unliganded crystals by a soaking method as there is an enough space for accommodation of the glycopeptide in the crystal. By increasing the soaking period from 5 to 22 min, we observed a gradual increase in the electron densities which likely come from the ligands. In the complex structure, the electron densities of AMP-PNP and two metal ions were clearly assigned. In contrast, the electron density of acceptor glycopeptide was largely obscure (Fig. 3B ). Electron Genes to Cells (2017) 22, 348-359 density corresponding to the size of a monosaccharide was observed (Fig. 3B ), and we tentatively assigned this remaining electron density to the mannose residue of the glycopeptide. Although we could not exclude the possibility that this electron density comes from solvent or solute molecules, the fitting of mannose to this density seems reasonable: The putative mannose is located close to AMP-PNP. Moreover, the fragmented electron density (asterisk in Fig. 3B ) was observed, and this is naturally assigned to be the GlcNAc residue linked to the 4-position of mannose. The assignment of the electron density was independently supported by docking simulations. The AMP-PNP resides in a deep cleft between N-and C-lobes and is surrounded by b1-b2 loop (Fig. 3A) . The sequence of this loop (G87-EGAV-K92) is similar to the glycine-rich loop (GxGx/G; / is F or Y) in protein kinases (Fig. 1B) , and hereafter it is defined as glycine-rich loop. This loop is partially disordered and the electron density is missing in the unliganded form (Fig. 2) . The c-phosphate group of AMP-PNP is stabilized by the side chains of K92 and K209 and two magnesium ions via coordination bonds with the side chains of Q213, D226, and D228 (left panel in Fig. 3C ). Amino acid residues which interact with nucleotide and metal ions are highly conserved among species (Fig. 1B) . Mannose binds to POMK mainly via the hydroxyl group at C-2 (OH2). The OH2 forms hydrogen bonds with the main chain of C202 and the side chain of N205. Additionally, the anomeric oxygen (OH1 in Fig. 3C ) seems to interact with the side chain of R246. The tight interaction with mannose OH2 is of considerable importance as mannose is distinguishable from other monosaccharides such as galactose or glucose by the stereochemical difference of the OH2 hydroxyl group. As D203 and K209 are positioned between AMP-PNP and OH6 of mannose, these residues are likely to be responsible for phosphorylation. In the model of POMK in complex with AMP-PNP, the distance between OH6 and the side chain of D203 is 4.0 A which is reasonable for conducting the enzymatic reaction.
When compared with the crystal structure of a typical cytosolic protein kinase PKA (protein kinase A) (PDB code: 1ATP (Zheng et al. 1993) ), the binding modes of nucleotide and divalent cations are roughly similar to that of POMK complex (right panel in Fig. 3C ). However, two residues, K92 and D228, which form a critical ion pair and stabilize aand b-phosphates of AMP-PNP are donated from different positions in the primary structure (Fig. S6 in Supporting Information). The ion pair formed between conserved lysine in b3 and a glutamate in aC (K72 and E91 in PKA) is a hallmark of an active protein kinase (Huse & Kuriyan 2002) , and both residues are located in the N-lobe of protein kinases (Kornev et al. 2006) . In contrast, K92 is located at the C-terminus of the Gly-rich loop in the N-lobe, whereas D228 resides in the middle of the catalytic loop of the C-lobe in POMK (Fig. S6 in Supporting Information). Interestingly, POMK lacks the highly conserved DFG motif, but instead has a D226-L227-D228 sequence. D226 position coincides with that of D184 in the DFG motif and the residue also coordinates a magnesium ion, whereas D228 forms a pair with K92 as in the case of PKA.
Liganded and unliganded structures are well superimposable with RMSD value of 0.5 A. However, the position of the a2 helix is slightly different (Fig. 3D) . Notably, in the presence of ligand, the side chains of D117 and H120 in the a2 helix are shifted toward the putative position of the trisaccharide. This suggests that a2 helix is involved in the recognition of core M3 glycan, which is supported by MD simulations.
Docking model simulation of POMK-core M3 trisaccharide complex
The protein-ligand complex structure showed limited electron density from the glycopeptide. We therefore built a docking model of POMK in complex with AMP-PNP and the trisaccharide unit (GalNAcb1-3GlcNAcb1-4Man) and then carried out molecular dynamics simulations. To validate the mannose fitting to the observed electron density, the initial complex model was built without using the knowledge of the mannose position deduced from the crystal structure. In the equilibrium state, the trisaccharide fits well into the groove formed by the a2 helix and the long b7-a6 loop (Figs 4A,S7 in Supporting Information). The position and interaction mode of the mannose residue are almost the same as those observed in the crystal structure (Fig. 4A) . This observation validates the mannose fitting to the corresponding electron density. During the molecular dynamics simulation, the disaccharide unit (GalNAcb1-3GlcNAc) interacts with the POMK molecule via polar interactions (Fig. S7 in Supporting Information and Table S1 in Supporting Information).
We further investigated the conformation of the trisaccharide in both free and POMK-bound states by MD simulations (Fig. 4B) . In the free state, GlcNAcb1-4Man linkage showed a single conformation (φ,w) = (À76 AE 10, À127 AE 13), whereas GalNAcb1-3GlcNAc linkage showed two stable conformations (φ,w) = (À70 AE 10, 118 AE 16) and (À80 AE 10, À61 AE 10). In the POMK-bound form, the dihedral angles of two glycosidic linkages are well converged with (φ,w) = (À91 AE 9, 44 AE 9) for GlcNAcb1-4Man linkage, and (φ,w) = (À85 AE 8, À60 AE 7) for GalNAcb1-3GlcNAc linkage. The conformation of GalNAcb1-3GlcNAc linkage in the bound state is almost identical to one of the two conformations observed in the unbound state, with (φ, w) = (À80, À61). The conformation of GalNAcb1-3GlcNAc linkage in the bound state seems to be stabilized by an inter-residue hydrogen bond between N-acetyl oxygen atom of GlcNAc and OH6 of GalNAc (Fig. S7 in Supporting Information). Interestingly, the distribution of GlcNAcb1-4Man conformation in the bound state is largely different from that of the unbound states during the 0.5-ls MD simulation, possibly due to the extensive trisaccharide-protein interactions (Table S1 in Supporting Information).
Disease mutation mapping onto POMK structure
So far five point mutations have been found in POMK from patients with WWS (Jae et al. 2013; Di Costanzo et al. 2014) . Two of the mutations at F96 (F95 mouse) or Q109 (R108 mouse) result in Genes to Cells (2017) 22, 348-359 truncated proteins and will be inactive, as only the N-terminal half of the N-lobe will be produced (Fig. 1B) . The other three point mutations, L137R, Q258R and V302D, have been thought to affect the catalytic reaction mechanism (Jae et al. 2013; Di Costanzo et al. 2014) . L137R mutant has been normally expressed and purified, but it lacked phosphorylation activity (Yoshida-Moriguchi et al. 2013). The human residues correspond to L136, Q257 and V301 in mouse POMK ( Figs 1B,5) , and we hereafter discuss the corresponding residues in murine POMK structure. L136 and V301 are located in the N-and C-lobes, respectively. The side chains of L136 and V301 are buried inside the protein forming a hydrophobic core. It is likely that the replacement of these buried hydrophobic residues with positively charged ones disrupts proper protein folding. In contrast, Q257 is located at the C-terminal region close to the putative catalytic center including D203. One possible explanation is that the replacement from Q257 to R forms an additional salt bridge between D203 and R257 and disrupts the positioning of amino acid residues involved in catalysis. This hypothesis needs to be validated experimentally in a future study.
Comparison with other sugar kinase that phosphorylates extracellular substrates Many typical kinases phosphorylate cytosolic substrates; however, it has been recently established that some kinases including POMK phosphorylate extracellular substrates. Particularly, a family of kinases Fam20 (family with sequence similarity 20) was recently identified that phosphorylates extracellular glycan and proteins. Among them, FAM20B specifically phosphorylates 2-position of xylose in glycosaminoglycan core region (Koike et al. 2009 ) and controls the biosynthesis of glycosaminoglycan coupled with a GlcNAc transferase EXTL2 (Nadanaka et al. 2013) . It is interesting to compare the mechanism and function of sugar phosphorylation in both cases. To understand how POMK relates to these kinases, we compared POMK with a Fam20 kinase from Caenorhabditis elegans (CeFam20), whose 3D structure is currently available (PDB code: 4KQB (Xiao et al. 2013) ). CeFam20 phosphorylates a peptide substrate but not core region of the glycosaminoglycan. Structural superposition with CeFam20 shows that the two structures are similar in terms of both bilobe folds and the positions of ADP and divalent cations, although CeFam20 possesses an additional N-terminal helical domain (Fig. S8A in Supporting Information) . Also, the disulfide bonding pattern, which is a characteristic of these atypical kinases, is completely different. Mouse POMK has three disulfide bond pairs, whereas CeFam20 contains five disulfide bonds with different patterns. At the nucleotide binding site, the positions of the ion pairs between catalytic aspartate and supporting basic residue are swapped (Fig. S8B in Supporting Information). These results suggest that POMK and FAM20 family proteins do not share a common ancestor or POMK evolutionarily isolated from a common ancestor at a very early time.
Conclusion
We have elucidated a 3D structure of the POMK catalytic domain which provides insights into the mechanism of how donor and acceptor substrates are recognized. Structural comparison of POMK with other kinases confirms the uniqueness of this enzyme. Simulations point to the importance of a helixmediated carbohydrate recognition mode. Mutations associated with WWS either cause protein truncation or incorrect folding or interfere with catalysis. The mechanisms of enzyme impairment may provide a clue to cure the muscular dystrophies, for example, 
Experimental procedures
Protein expression and purification DNA fragment encoding mouse POMK catalytic domain (residues: 45-349) was incorporated into the pcDNA3.1 vector, and tobacco etch virus (TEV) protease recognition sequence, an octahistidine tag, a Myc epitope sequence and a hexahistidine tag were added at the C-terminus. Signal sequence of mouse nidogen-1 is inserted at the N-terminus of POMK catalytic domain for secretion (Nogi et al. 2006) . The double mutant (N66Q/N164Q) was constructed according to the QuikChange site-directed mutagenesis method. The resultant plasmids for the wild type and mutant were transiently transfected into Expi293F cells using ExpiFectamine TM 293 reagent, and protein production was promoted by adding the enhancer solutions to the culture 18 h after transfection. The transfectants were cultured for three days and culture supernatant was harvested by centrifugation. The POMK catalytic domains were purified from the culture supernatant using nickel-nitrilotriacetic acid (Ni-NTA) agarose column (QIAGEN, Venlo, the Netherlands) where the proteins were eluted with a buffer containing 20 mM Tris-HCl (pH 8.0), 300 mM NaCl and 250 mM imidazole. After cleavage of the C-terminal tag by TEV protease and removal of imidazole by dialysis, the reactant was further applied to Ni-NTA and size exclusion chromatography (Superdex 200 10/300 GL; GE Healthcare, Buckinghamshire, UK). Purified protein was concentrated up to 7 mg/mL using an Amicon Ultra centrifugal filter with a molecular weight cutoff of 10 kDa (Merck Millipore, Billerica, MA, USA).
ESI-MS
ESI mass spectra for POMK catalytic domain (residue 45-349) produced by PDIS-1 cells, which is a GnT-I (À/À) mutant cell line of HEK293T donated by Prof. Yukinari Kato (Tohoku University, Miyagi, Japan), were obtained with a SYNAPT G2 HDMS instrument (Waters, Milford, MA, USA) equipped with a nanoESI source. Before MS measurement, samples were desalted with SPE C-TIP devices (Nikkyo Technos, Co., Ltd., Tokyo, Japan) by eluting the samples with a 0.1% formic acid/ 80% acetonitrile aqueous solution. Sample solutions were deposited in nanospray tips (5 lm i.d. HUMANIX, Hiroshima, Japan) and sprayed with 1 kV of capillary voltage. Mass calibration was carried out with (NaI) n Na + ion clusters. Mass spectra were processed using MassLynx v.4.1 (Waters).
Peptide mass mapping
Protein O-mannosyl kinase catalytic domain (residue 45-349) was produced by Expi293F cells in the presence of 4.3 lM kifunensine, and the N-glycan was removed by Endo Hf digestion leaving a single GlcNAc attached to Asn. The Endo Hf-treated sample was then reduced, carbamidomethylated and digested with lysylendopeptidase. Proteins were dissolved in a buffer (10 mM Tris-HCl, pH 8.0, containing 150 mM NaCl, 6 M urea, 0.5 mM EDTA and 1 mM DTT) and reduced at room temperature in the dark for 30 min. Subsequently, reduced proteins were carbamidomethylated by incubation with 10 mM ICH 2 CONH 2 at room temperature for 30 min. After removal of excess reagents by dialysis (Micro-dialyzer TOR-14K, cutoff molecular weight of 14 000, Nippon Genetics Co., Ltd., Tokyo, Japan) against 20 mM Tris-HCl (pH 8.5), modified proteins were subjected to proteolysis with Lysyl Endopeptidase (Wako Pure Chemical Industries Ltd., Osaka, Japan) at 37°C for 16 h. The digests were analyzed by MALDI-TOFMS (Autoflex, Bruker, Billerica, MA, USA) with a matrix of a-cyano-4-hydroxycinnamic acid (CHCA), and observed masses were mapped to the protein sequence.
Crystallization, data collection, structure determination and refinement Initial crystallization screening was carried out using INDEX (Hampton Research, Aliso Viejo, CA, USA) with Gryphon crystallization robot (Art Robbins Instruments, Sunnyvale, CA, USA). Crystallization conditions were manually optimized. The best crystals of unliganded POMK catalytic domain were obtained under the condition of 23% (w/v) polyethylene glycol 3350 and 100 mM Tris-HCl (pH 8.5) at 293 K. The substrate-bound crystals were obtained by soaking unliganded crystals to the reservoir including 2 mM AMP-PNP (5 0 -adenylylimidodiphosphate), 10 mM MgCl 2 and 1 mM glycopeptide (Ac-AT[GalNAcb1-3GlcNAcb1-4Mana1-]PAP-VAAIGDK-NH 2 ) for 20 min at room temperature. Preparation of the glycopeptide is described in Kanagawa et al. (2016) . The cDNAs encoding human POMGNT2 and B3GALNT2 were purchased from Promega Corp. (Madison, WI, USA). The secreted form of POMGNT2 (26-580) or B3GALNT2 (29-500) was cloned into the pSecTag2 plasmid (Life Technologies Japan, Tokyo, Japan), and Myc epitope sequence was added at the N-terminus.
Before data collection, the crystals were soaked with reservoir containing 20% ethylene glycol as a cryoprotectant and rapidly frozen by liquid nitrogen. Diffraction data were collected at the synchrotron radiation source at AR-NE3A (unliganded form) and BL-1A (sulfur-SAD) (Yoshida-Moriguchi et al. 2013) in Photon Factory (Tsukuba, Japan) and BL26B2 (substrate-bound form) in SPring-8 (Harima, Japan). Intensities of diffraction spots were integrated and scaled with HKL2000 (Otwinowski & Minor 1997) and XDS (Kabsch 2010) .
Phase determination of POMK in unliganded form was initially carried out by the single anomalous dispersion method using intrinsic sulfur atom (sulfur-SAD) with the program AutoSol of Phenix program suite (Adams et al. 2010 ). The initial model built from S-SAD dataset at 3.0 A resolution included 280 amino acid residues and was replaced with a 2.5-Genes to Cells (2017) 22, 348-359 A-resolution native dataset by molecular replacement with MOLREP (Vagin & Teplyakov 2010) . The substrate complex structure was determined by the molecular replacement method with MOLREP (Vagin & Teplyakov 2010) . Further model building was carried out manually with COOT (Emsley & Cowtan 2004) . Refinement was carried out with programs REFMAC5 (Murshudov et al. 1997) and Phenix.refine. Stereochemistry of the models was validated with MolProbity (Chen et al. 2010) . Data collection and refinement statistics are summarized in Table S2 in Supporting Information. Atomic coordinates and structure factors of unliganded and substratebound forms were deposited in the Protein Data Bank under the accession number of 5GZ8 and 5GZ9, respectively. Figures were prepared with PyMOL (Schrödinger, LLC, New York, NY, USA) and VMD (Humphrey et al. 1996) .
Comparative modeling and molecular dynamics simulations
The crystal structures of POMK in unliganded and bound forms were used for MD simulation. Missing loop regions of the unliganded (88-91, 185-168, 235-238) and ligand forms (165-166, 235-236) of POMK were modeled by MODELER taking the X-ray structure as a template (Eswar et al. 2007 ). Ten models were generated. Coordinates of the missing loops from the top scoring (DOPE Score) models were merged with their respective X-ray structures. This full structure of POMK was used in docking and MD simulations. The initial structure of the trisaccharide ligand was modeled using GLYCAM Web (Woods Group (2005 GLYCAM Web. Complex Carbohydrate Research Center). AutoDockTools was used to add polar hydrogens, charges and AutoDock4 atom types to both trisaccharide and POMK models. Molecular docking of trisaccharide in the ligand-bound form of POMK was carried out using AutoDock Vina (Trott & Olson 2010) . A total of 100 docking conformations were generated. The top scoring binding pose and four other meaningful binding poses (based on our assumptions of the trisaccharide structure in the catalytic site) were then used to create five POMK, AMP-PNP and trisaccharide complexes (Fig. S9 in Supporting Information) . The structures of all these complexes and unliganded POMK were further subjected to classical MD simulations.
Structures for MD were prepared using the tleap module of AMBER16. The POMK, AMP-PNP and trisaccharide were described with AMBER ff14SB, GAFF2/AM1-BCC and GLYCAM (version 06j) force fields, respectively. AMP-PNP was parameterized in the Antechamber module of AMBER, and AM1-BCC charges were calculated. Two Mg 2+ ions in the POMK catalytic site were treated using Li/Merz ion parameters. All initial structures were solvated in an octahedral box of TIP3P water molecules extending 12 A in each direction using tleap. The total charge of each system was set to zero by adding Na + counter ions.
All the structures were equilibrated using the multistep equilibration protocol (details in Data S1 in Supporting Information). Equilibrated structures were subjected to 60-ns production MD simulation at NPT using CUDA implementation of the pmemd from AMBER14 (Case et al., 2014) . The temperature was kept constant at 300 K using the Berendsen weak-coupling method. The time constant for heat bath coupling was set to 5 ps. The Particle Mesh Ewald (Darden et al. 1993) was used for calculating electrostatic forces. A cutoff of 9 A is used for nonbonded interactions, and the SHAKE algorithm (Ryckaert et al. 1977 ) was used to restrain hydrogen atoms. Trajectory snapshots were saved every 10 ps. Interaction shown by the top scoring binding pose fits quite well to our assumptions of the trisaccharide structure in the catalytic site. Thus, this binding mode was further analyzed and discussed in detail. The MD trajectories were analyzed (hydrogen bond analysis and calculation of dihedral angles) using program cpptraj utility (Roe & Cheatham 2013 ) of AMBER16. An MD simulation of free trisaccharide in water was carried out using the same procedure. Because the conformation of the saccharide may get trapped in local free-energy minima along the glycosidic linkages during short simulations, MD simulation of free trisaccharide was extended to 0.5 ls to sample all possible conformations.
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